Ebselen, a seleno-organic compound showing glutathione peroxidase-like activity, is one of the promising synthetic antioxidants. In the present study, we investigated the antioxidant activities of ebselen using a 12-O-tetradecanoylphorbol-13-acetate ( 
INTRODUCTION
inflammatory cells such as polymorphonuclear leukocytes by chemotactic factors to inflammatory regions and edema formation. The latter is the process of activation of neutrophils or other oxidants-producing cells including keratinocytes, in which the second TPA application of phorbol ester induces oxidative stress. In addition, Sisskin et al. (21) pointed out that the result of a single topical application of TPA might not predict the response with multiple treatments for tumor promotion. Conversely, our recent studies have suggested that the double TPA application experiment is appropriate to predict the inhibitory potential of test compounds for chronic inflammation or tumor promotion in epithelial tissues including not only skin but also digestive tract (22) (23) (24) .
Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one, Fig. 1 ) is a non-toxic selenoorganic drug that has been extensively studied during the last decade. It is now under active investigation as a neuroprotective agent in clinical trial (25) . A substantial part of the pharmacological profile of ebselen appears to be due to its action as an antioxidant with a unique mode of action. A number of other antioxidants such as α-tocopherol and probucol act as scavengers of free radicals and thus prevent lipid peroxidation including secondary reaction triggered by them. In contrast, ebselen is a poor radical scavenger, if at all, but it is an effective scavenger of organic hydroperoxides, in particular, of lipid hydroperoxides. Thus, the particular interest in this drug is that ebselen mimics glutathione peroxidase (GPx) activities in particular that of phospholipid hydroperoxide known about its anticarcinogenic activity. A previous study showed that ebselen inhibited
TPA-induced down-regulation in gap-junctional intercellular communication (28).
Reduction of gap-junctional intercellular communication has been proposed to be involved in the development of a number of pathogeneses, especially carcinogenesis. More recently, inhibition of ebselen on aflatoxin B 1 -induced hepatocarcinogenesis in Fischer 344 rats and involvement of its antioxidative property in the anticarcinogenic effect have been reported (29). However, the mechanistic aspect of ebselen as an antioxidant in inflammatory oxidative events responsible for tumor promotion remains to be fully elucidated and is the topic of this report.
In the present study, we attempted to determine whether ebselen inhibits the priming and/or activation stages in the double TPA application model of mouse skin. To discuss the mode of action mechanism of antiinflammatory activity of ebselen, the suppressive effect of ebselen on COX-2 expression was examined. Our studies also demonstrated for the first time that addition of ebselen to cultured rat liver epithelial cells and mouse skin results in induction of phase II enzyme including glutathione S-transferase (GST) and NAD(P)H:(quinone-acceptor) oxidoreductase (NQO1), which may also participate in in vivo antioxidative effect of ebselen.
determined by the phenol red-horseradish peroxidase (HRPO) method (3, 7) . The final results are expressed as equivalents of nmol of H 2 O 2 per skin punch on the basis of a standard curve of HRPO-mediated oxidation of phenol red by H 2 O 2 . The level of thiobarbituric acid-reacting substances (TBARS) in mouse epidermis was determined by our previously reported method (7, 19 CAT Assay -A 3.0-kb fragment between -2.9 kb (Eco RI) and +59 bp (Acc I) of the GSTP1 gene was inserted into the Hind III site of pSV0CAT and designated as ECAT (35) . 1CAT was constructed from the ECAT by using appropriate restriction enzymes (35) . RL34 cells were transfected with 10 µg of plasmid construct by the calcium phosphate co-precipitation procedure described by Chen and Okayama (36) . The cells were harvested 48 h after transfection. Cell lysates were obtained after five freeze-thaw cycles in 0.25 M Tris HCl (pH 7.5). The protein was equalized and used for CAT assay.
The degree of was determined by reading the intensity of the spots using the Fuji-BAS 2000 system (Fuji Photo, Tokyo, Japan).
RESULTS

Ebselen Inhibited Double TPA Application-induced Oxidative Stress in Mouse Skin
-Double applications of phorbol esters trigger ROS production in mouse skin (9, 10, 13, 20) . The available data reported previously suggest that each application induces two distinguishable biochemical events, namely, priming and activation ( 
Ebselen Induces Phase II Drug Metabolizing Enzymes in the Cultured Cells and
Mouse Skin -In order to protect against excessive ROS, aerobic organisms have developed a number of cellular defenses composed of non-enzymatic and enzymatic components. However, the treatment of mouse skin with TPA has been reported to result in strong depletion of antioxidant enzyme activities (39) . Among the antioxidant enzymes, phase II drug metabolizing enzymes including, GST and NQO1, play a major role in protecting cells against toxic and neoplastic chemicals including polycyclic aryl hydrocarbons and their metabolites. In addition, some GST isozymes, being able to utilize the major products of lipid peroxidation including fatty acid hydroperoxide and 4-hydroxy-2-nonenal, as substrates, play a physiological role in protection against oxidative stress (40, 41) . Therefore, we examined whether ebselen induces phase II drug metabolizing enzymes in the cultured cells. To monitor the inducing potency of ebselen, we measured NQO1, which is induced to high levels in many animal tissues and cells by induced 3-fold when cells were exposed to 25 µM ebselen. Because ebselen showed a significant attenuation of the H 2 O 2 level, we examined the possibility of GST induction to participate in the antioxidative action of ebselen in mouse skin. Mice were topically treated with different doses of ebselen for 24 h and the GST activity was measured. As shown in Fig. 6B , the GST activity was significantly induced (1.6-fold compared with mice treated only with acetone) when the mice were exposed to 810 nmol ebselen, which was able to reduce the H 2 O 2 level in mouse skin (Fig. 3A) . The NQO activity was also significantly induced in mouse skin (data not shown).
GPE1 Is an Ebselen Response Element. -To examine the GST isozyme
responsible for the increase in the GST activity of ebselen-treated RL34 cells, an immunoblot analysis was carried out using the GST class-specific antibodies to confirm the apparent induction of GST proteins. The immunoblot analysis demonstrated a significant increase in the level of the Class π GST isozyme (GSTP1) by treatment with ebselen ( Fig. 7A) , while the amounts of the Class α GST isozyme (GSTA1) and Class µ isozyme (GST M1) were nearly unchanged (data not shown). The increase in the GSTP1 protein, therefore, coincided with a substantial rise in the GST activity.
We have previously reported that the 5'-flanking region of GSTP1 gene contains an element responsible for a cancer chemopreventer such as BITC as previously reported role for the continuous and excessive production of chemotactic factors, leading to chronic inflammation and hyperplasia in mouse skin (7, 8) . ROS production by double or multiple TPA treatments is closely associated with the metabolic activation of proximate carcinogens (9,10) and the increased levels of oxidized DNA bases (11) (12) (13) . In the continuous studies on the antioxidative behavior of chemopreventive food factors in mouse skin (7, 8, (14) (15) (16) (17) (18) , we have recently demonstrated that a potent inhibitor of leukocyte-derived ROS generation (7, 8, 15, 16) effectively suppressed inflammationrelated carcinogenesis (8, 15, (22) (23) (24) . Thus, the regulation of ROS from activated leukocytes is proposed to be one of the most promising strategies for cancer control (17) . (Fig. 3A) . Our previous studies indicated that the NADPH oxidase system of neutrophils rather than the epithelial XOD system is implicated in the O 2 -generating system in multiple TPA-treated mouse skin since an XOD inhibitor, allopurinol, showed no effect in this system (7). These findings clearly indicate that ebselen is an in vivo ROS generation inhibitor which potentially inhibits the activation of leukocytes possibly through the inhibition of leukocytic NADPH oxidase (7). Thus we concluded that in vivo antioxidant activity of ebselen in mouse skin is exhibited through three potential pathways other than the directly scavenging action PGs has have been implicated to the induction of hyperplasia by TPA. Inhibitory effects of ebselen on COX-2 induction has been recently reported and also confirmed in the present study (Fig. 4A ). This finding also supports the idea that ebselen could be explored as a cancer chemopreventive agent targeted towards inflammation-related carcinogensis such as skin and colon cancer.
There is substantial and mounting evidence that phase II drug metabolizing enzymes, e.g., GST, NQO1, epoxide hydrolase, heme oxygenase, and UDPglucuronosyl-transferase, play important roles in the detoxification of electrophilic toxicants and their induction protects against carcinogenesis and mutagenesis (54).
Talalay and his colleagues have identified many kinds of inducers of NQO1 activity using This protective function to internal antioxidants may also contribute to the in vivo antioxidative activity of ebselen in mouse skin.
In addition to NQO1 induction, ebselen expectedly induces GST activity in the cultured cell system and in mouse skin coincident with the GST protein expression and GST gene expression. Recently, two transgenic rodent studies clearly demonstrated that Class π GST (GSTP1), one of the GST isozymes, can profoundly alter susceptibility to chemical carcinogenesis in mouse skin (58) and rat liver (59) . The Class π rat and human GST isozymes have been shown to be highly efficient in the glutathione (GSH) conjugation of carcinogenic benz[a]pyrene derivatives (60) , and widespread environmental pollutants in cigarette smoke and automobile exhaust. In addition, GSTP1
is more effective for the detoxification of electrophilic α,β-unsaturated carbonyl compounds produced by radical reactions, lipid peroxidation, ionizing radiation, and metabolism of drugs than other GSTs (61). Thus, the induction of GST is regarded as one of the important determinants in the cancer chemoprotection potential. In addition to GSH conjugating activity, GST α class isozymes (GSTA1 and 2) show high GPx activity toward phospholipid hydroperoxides and they can catalyze GSH-dependent reduction of hydroperoxide in situ in biological membranes (40) . Overexpression of human GSTA2 in human erythroleukemia K562 cells attenuates lipid peroxidation and confers resistance to these cells from H 2 O 2 cytotoxicity. In addition to GPx-like activity, inducing ability of GST, being able to catalyze GSH-dependent reduction of hydroperoxide, may partly participate in its in vivo antioxidant effect in mouse skin.
We showed herein that ebselen stimulated the promoter activity of the 5'-flanking region of the GSTP1 gene and then induced GST protein in RL34 cells (Figs. 7A and B) .
It appeared that this stimulation required the specific region containing the GPE1, ARE/EpRE of GSTP1. Venugopal and Jaiswal (62) cysteine residues, 9 of which are expected to have highly reactive sulfhydryl groups (65) .
Because most of the inducers are redox-active, the Keap1-Nrf2 complex is a plausible candidate for the cytoplasmic sensor system that recognizes inducers including ebselen.
Further studies of factors interacting with GPEI and other functional cis-acting elements should be required for elucidation of the specific expression of the gene in association with the possible chemoprotective response of ebselen.
In conclusion, the results in the present study provide biological evidence that ebselen has a significant ability to suppress TPA-induced oxidative stress and A, dose-dependent effect of ebselen on cellular GST activity. Cells post-confluency were exposed to the test compounds in the medium containing 5 % fetal bovine serum for 24 h.
GST activity was measured using 1-chloro-2,4-dinitrobenzene as substrate according to the method of Habig et al. (33) . B, induction of GST activity by ebselen in mouse skin.
Mice were treated with ebselen or acetone for 24 h, and their dermis and epidermis was removed for determination of GST activity. Statistical significance was determined by the Student's t-test and is expressed as: a, versus acetone, P < 0.001; b, versus acetone, P < 0.05. The cells were treated with BITC (10 µM) or DMSO for 24 h, and harvested for CAT activity assay. 
